The insulin-like growth factors (IGF) are important anabolic hormones in the mammalian fetus; their anabolic actions are potentially modulated by alterations in the IGF-binding proteins (IGFBP). We have previously shown that the nutritional state of the fetus affects both IGF-I and the IGFBP concentrations. The present study was designed to determine the effect of alterations in insulin and IGF-I circulating concentrations on the IGFBPs. Because both insulin and IGF-I elicit decreases in glucose and amino acid concentrations, the concentrations of these substrates were clamped during the hormone infusions.
Introduction
Insulin has long been considered an important fetal metabolic hormone (Susa et al. 1984) , and several extensive studies of insulin regulation of fetal glucose and protein metabolism have been performed (Hay & Meznarich 1986 , Liechty et al. 1992 . In addition, insulin-like growth factor (IGF)-I and IGF-II are potent metabolic, mitogenic and differentiative factors, and considered to be important regulators of fetal growth (D'Ercole 1991, Iwamoto et al. 1992 , Liechty et al. 1996 . IGF-I is widely expressed in fetal tissues (Han et al. 1987 , Rotwein et al. 1987 . The circulating concentration of IGF-I has been shown to correlate directly with fetal weight in humans and decreased concentrations of IGF-I have been found in association with fetal growth retardation (Lassarre et al. 1991 , Owens et al. 1994 . Deletion of the IGF-I gene in mice results in high mortality, reduced birth weight and retarded rate of postnatal growth (Liu et al. 1993) . Anabolic effects of short-term IGF-I infusion have been demonstrated in the ovine fetus (Liechty et al. 1996) . Almost all IGFs in the circulation and extravascular fluids (except saliva) are complexed to a class of proteins called IGF-binding proteins (IGFBPs), which bind IGF-I and IGF-II with an affinity equal to or greater than that of IGF receptors (D'Ercole 1991, Drop et al. 1991) . So far, six species of IGFBPs have been purified, and their cDNAs cloned and characterized (Shimasaki & Ling 1991 , Swisshelm et al. 1995 . Although the functions of IGFBPs are not fully understood, the circulating IGFBPs have the potential to influence the bio-potency of circulating IGFs by their ability to bind IGFs. In addition, the presence of a cell membrane integrin-binding region (RGD sequence) in some binding-protein species suggests that the binding proteins have a capacity to associate with the cell surface.
There is less information regarding the IGF-IGFBP interaction in the fetus. It has been demonstrated that IGFBP-1, -2, -3 and -4 are expressed in various fetal tissues at high levels and their expression declines after birth (Orlowski et al. 1990 , Osborn et al. 1992 , Carr et al. 1995 , Currie et al. 1996 . IGFBP-1, -2, -3 and -4 have been found in the fetal circulation, and the levels are affected by nutritional status (McLellan et al. 1992 , Osborn et al. 1992 , Lee et al. 1997 . IGFBP-1 immunoreactivity has been found in every fetal tissue except the brain, spleen and thyroid (Hill et al. 1989b) . In addition, the birth weight of the growth-retarded infant is inversely related to maternal serum levels of placental protein-12 (IGFBP-1) (Howell et al. 1985) . Higher liver IGFBP-1 mRNA abundance and serum IGFBP-1 levels are found to be associated with fetal growth retardation (Straus et al. 1991) . More recently, reduced fetal survival and fetal growth retardation have been seen in transgenic animals with high IGFBP-1 expression (Gay et al. 1997) . These observations strongly suggest that IGFBP may play a role in regulating fetal growth by binding to IGFs. Better knowledge of the IGF-IGFBP interactions and IGFBP regulation is vital to understanding the physiological actions and importance of IGFs in the fetus.
Our previous study has shown that the nutritional state of the fetus affects both IGF-I and the IGFBP concentrations (Lee et al. 1997) . The purpose of the present study was to examine the responses of IGFBPs to IGF-I and insulin infusion in the ovine fetus. By infusing each hormone singly and in combination, we were able to discern the unique and interactive effects of each hormone on the IGFBP hepatic mRNA expression and circulating protein in fetal plasma. Because both insulin and IGF-I elicit decreases in glucose and amino acid concentrations (Liechty et al. 1992 (Liechty et al. , 1996 , the concentrations of these substrates were clamped during the hormone infusions in order to evaluate the response of IGFBPs to the hormone infusion, independent of nutrient supplies.
Materials and Methods

Animals and surgical procedures
Sixteen ewes of 115-120 days of gestation were utilized for this study. Animal care was in strict compliance with National Institutes of Health guidelines within an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) certified facility, and the Institutional Animal Care and Use Committee approved the study protocols.
Surgical procedures were performed aseptically under general anesthesia. Anesthesia was induced with intravenous ketamine and maintained with isoflurane inhalation. Fetal catheters were placed in the inferior vena cava, common umbilical vein and abdominal aorta. Catheters were exteriorized and irrigated daily with 0·9% saline containing 50 U heparin/ml. All ewes consumed ad libitum a diet consisting of hay and pelletized alfalfa and had constant access to water and salt lick.
Study design
The animals were allowed a minimum of 6 days of recovery from operative stress before study. Complete recovery was assessed by monitoring maternal food intake, fetal and maternal glucose concentrations and acid-base status. The animals were fed ad libitum before and throughout the study.
On the day of the study, baseline blood samples were obtained. Then, the fetus was infused with one of the following four infusates: (A) saline, (B) insulin (890 mIU/h), (C) recombinant human (rh) IGF-I (gift of Eli Lilly Research Laboratories, Indianapolis, IN, USA) plus a replacement dosage of insulin (40 nmol IGF-I/h and 16 mIU insulin/h) and (D) rhIGF-I and insulin (40 nmol IGF-I/h and 890 mIU insulin/h). The dose of insulin infused in study C was expected to maintain plasma insulin concentrations at the baseline level, counteracting the inhibition of insulin secretion during the rhIGF-I infusion. During infusion, the fetal whole blood glucose was clamped at the baseline level by a variable infusion of 20% glucose that was titrated by frequent arterial glucose sampling, with the goal of maintaining the glucose concentration constant. Throughout the study, the total fetal plasma branched chain amino acid (BCAA) concentrations were measured at a 15-min interval and a balanced amino acid solution (AminoSyn II; Abbott Laboratories, Abbott Park, IL, USA) was infused at a variable rate to maintain plasma BCAA at the baseline level (Wray-Cahen et al. 1998) . Eight hours following initiation of infusion, blood samples were collected from the fetal aorta for measurement of IGFBPs, IGF-I and insulin, and the fetus was autopsied. A liver sample was collected and snap-frozen in liquid nitrogen, and stored at −70 C before extraction for total RNA.
Hormone and chemical assays
Total branched chain amino acid concentrations were monitored by spectrophotometry during IGF-I and insulin infusion (Wray-Cahen et al. 1998) . The actual leucine concentrations in plasma and whole blood were measured by an automated amino acid analyzer (Beckman 6300; Beckman-Coulter, Palo Alto, CA, USA). The fetal whole blood glucose was monitored with a glucose analyzer (YSI 2300; Yellow Springs Instruments, Yellow Springs, OH, USA).
Insulin concentrations in plasma were determined in duplicate by a double antibody radioimmunoassay (RIA). Total IGF-I in plasma was determined by validated competitive RIA that employed formic acid-acetone as the IGF-I extraction procedure (Liechty et al. 1996 , Lee et al. 1997 .
Western ligand blot
Ovine plasma samples (2 µl) were subjected to nonreduced discontinuous SDS-PAGE on a 4·0% stacking gel and 12% polyacrylamide separating gel for 1·5 h at 100 V. The proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane with a BioRad transfer unit at 100 V for 90 min, and blocked with blocking buffer I (10 mM Tris, 150 mM NaCl, 0·05% Na Azide, 0·1% bovine serum albumin (BSA), 3% Nonidet P-40, pH 7·5) for 30 min. Next, the membrane was blocked with blocking buffer II (10 mM Tris, 150 mM NaCl, 0·05% Na Azide, 0·1% BSA and 0·1% Tween-20, pH 7·5) for 2 h and then rinsed with RIA buffer. The membrane was incubated with 1 µCi 125 I IGF-II in 10 ml RIA buffer at 4 C overnight. The membrane was then washed in RIA buffer and air-dried before being exposed to a phophor screen (Molecular Dynamics, Sunnyvale, CA, USA) at room temperature overnight. Areas of specific binding were detected, and the relative changes in binding proteins were assessed by densitometric analysis (Molecular Dynamics).
Western immunoblot for IGFBP-1 and RIA for IGFBP-2
A synthetic ovine IGFBP-1 fragment was used as an antigen, and a polyclonal antibody was generated in rabbits (Shen et al. 2000) . IGFBP-1 Western immunoblots were performed as follows. Plasma (1·2 µl) was separated on a 12·5% reducing SDS-PAGE and transferred to PVDF membranes. Membranes were blocked in 5% non-fat milk in 0·01 M phosphate-buffered saline containing 0·1% Tween-20 overnight at 4 C, then incubated with a rabbit anti-ovine IGFBP-1 antibody in the blocking buffer (dilution 1:5000) at room temperature for 1 h. The membranes were washed, incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (dilution 1:1500) (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Detection was performed using enhanced chemiluminescence (ECL) reagents from Amersham Pharmacia Biotech. Films were scanned and images were quantitated by Scion image software (Scion Co., Frederick, MD, USA).
Plasma IGFBP-2 concentrations were also measured by an IGFBP-2 RIA kit (DSL-7100; Diagnostic Systems Laboratories, Inc., Webster, TX, USA). The antibodies in this kit have been found to cross-react with sheep IGFBP-2.
Northern hybridization
An ovine IGFBP-1 probe of 400 bp was generated by RT-PCR using primer (5 -GGAATTCGAGATAACT CAGGAGCAG-3 , 5 -GCCCGCTCGAGTCAGTTCT GTAAGTTAAAATA-3 ). The sequence was confirmed by its high homology (96%) with bovine IGFBP-1 (Sneyers et al. 1991) . Ovine IGFBP-3 probe of 372 bp was also generated by RT-PCR. The primers used were based on the partial sequence of ovine IGFBP-3 kindly provided by Peter Hastie, University of Wales, Aberystwyth, Wales, UK.
Total RNA (15 µg) extracted from the ovine fetal liver was electrophoresed on a 1·0% agarose-formaldehyde gel at 100 V for 2-3 h. Separated RNA was transferred to a Magna nylon transfer membrane (Micron Separations Inc., Westboro, MA, USA) by capillary blotting, and crosslinked to the membrane by exposure to UV light. The membrane was prehybridized and then probed with a 32 P cDNA probe of 400 bp encoding the C terminal of ovine IGFBP-1, or a probe encoding ovine IGFBP-3, at 65 C for 3 h. After washing and air-drying, the membrane was exposed to X-ray film at −70 C for 3-6 days and analyzed using scanning densitometry (Molecular Dynamics). Signals are expressed as an arbitrary unit above the background for each autoradiograph and adjusted for RNA sample loading differences by expressing each message as a ratio of the glyceraldehyde phosphate dehydrogenase (GAPDH) message.
Statistical analysis
All values are expressed as means±... Data were analyzed by analysis of variance for repeated measurements (JMP; SAS Inc, Cary, NC, USA). Differences between pre-and post-infusion were analyzed by paired Student's t-test. The levels of significance of differences were as indicated.
Results
Whole blood glucose and plasma leucine concentration
The fetal weights, glucose concentrations, leucine concentrations and IGF-II concentrations are given in Table 1 . There were no significant differences between the groups in fetal weights. Mean glucose and leucine concentrations were greater in the rhIGF-I group. Also given in Table 1 are the plasma concentrations of insulin. There were significant differences between the groups that corresponded to infusion of pharmacologic insulin. There was no significant difference in insulin concentration between the control group and the IGF-I infusion group, which received insulin at a replacement dosage to counteract the effect of IGF-I on insulin inhibition.
The fetal blood glucose concentrations and leucine concentrations were kept constant during hormone infusion by the clamp technique (data not shown). There were no significant within-group differences in leucine or glucose concentrations during studies.
Effects of insulin and IGF-I on plasma IGFBPs
In all animals, we identified four protein species with the capacity to bind 125 I IGF-II by the Western ligand blot (Fig. 2) . Judged by the molecular weights, the four binding proteins are IGFBP-3 (a doublet, 36-41 kDa), IGFBP-2 (28·5 kDa), IGFBP-1 (25 kDa) and IGFBP-4 (22 kDa) respectively (Lee et al. 1997) . Infusion of IGF-I led to an increase in plasma IGFBP-1 and IGFBP-3 concentrations (P<0·05) (Fig. 3) . After intravenous administration of IGF-I, IGFBP-l and IGFBP-3 were elevated each by 30%. Insulin infusion had no effects on plasma IGFBP-1, but increased plasma IGFBP-3 significantly (P<0·05). Fetal plasma IGFBP-2 and IGFBP-4 were not affected by insulin and IGF-I infusion.
Since the IGFBP-1 blot in the Western ligand blots may also contain other proteins such as IGFBP-5, IGFBP-6, glycosylated IGFBP-4 and IGFBP-3 fragments, IGFBP-1 might be overestimated in this method. In order to distinguish IGFBP-1 from other proteins with the same electrophoretic migration rate on SDS-polyacrylamide gels, we performed IGFBP-1 Western immunoblotting using a specific polyclonal antibody. The results showed that the polyclonal antibody recognized a specific band with a molecular weight of 32 kDa, which is consistent with ovine IGFBP-1 (Fig. 4) . Densitometry analysis revealed similar results to those from the Western ligand blot. IGF-I infusion increased plasma IGFBP-1 significantly (P<0·05). In contrast, insulin and insulin plus IGF-I decreased IGFBP-1 by 9% and 13% respectively, but these alternations in plasma IGFBP-1 following insulin or insulin plus IGF-I treatment were not significantly different from that of the control. Consistent with that from the Western ligand, plasma IGFBP-2 measured by RIA was not significantly changed after insulin and IGF-I infusion, with an average concentration of 2300 ng/ml.
Effects of insulin and IGF-I on IGFBP-1 and IGFBP-3 gene expression
Northern blot hybridization identified an mRNA transcript encoding IGFBP-1 with a size of 1·6 kb, and an mRNA transcript encoding IGFBP-3 with a size of 2·4-2·6 kb. The relative expressions of IGFBP-1 and IGFBP-3 mRNA were quantified after adjusting for the differences in RNA loading by analysis of GAPDH expression and therefore represented true differences in signal intensity. Densitometric analysis indicated that the IGFBP-1 expression level decreased by 82% after insulin infusion, compared with the control (saline infusion) (Figs 5 and 6). In contrast, infusion of IGF-I increased IGFBP-1 gene expression levels in the ovine liver by 248%. When insulin and IGF-I were co-administered, the IGFBP-1 expression level decreased by 64% (IGF-I plus insulin group). In contrast, IGF-I and insulin infusion showed no effects on hepatic IGFBP-3 expression in the ovine fetus.
Discussion
The factors controlling the synthesis and degradation of the IGFBPs are poorly understood in the fetus. We have previously demonstrated that the fetal circulating IGFBP-1 increased significantly following a 5-day maternal fast (Lee et al. 1997) . In addition, IGF-I infusion into the fetal circulation resulted in an overall increase in fetal circulating IGFBPs (Lee et al. 1997) . However, in that study, both insulin and amino acid concentrations decreased significantly during IGF-I infusion. It is therefore difficult to assess the contribution of substrate availability and hormone status in the regulation of fetal circulating IGFBPs. In the present study, the fall in amino acid and glucose concentrations was prevented during IGF-I and insulin infusion by infusing variable amounts of glucose and a balanced amino acid solution. In addition, a replacement dose of insulin was co-administered with IGF-I in study C to counteract the inhibition of insulin secretion during the IGF-I infusion. By using this amino acid/glucose/insulin clamp technique, we were able to evaluate the contribution of individual hormones in regulating the fetal circulating IGFBP. Under these conditions, intravenous infusion of insulin was found to significantly reduce hepatic IGFBP-l gene expression in the ovine fetus (Fig. 5) , implying that insulin has a direct effect on IGFBP-1 expression in the fetus. Our findings are consistent with those early studies in which a reverse relation between the circulating insulin and hepatic IGFBP-1 mRNA was reported in the fetal sheep (Osborn et al. 1992 , Hooper et al. 1994 ).
In the current study, no significant changes were detected at the IGFBP-1 protein level in plasma 8 h after insulin infusion although there was a tendency for insulin to decrease plasma IGFBP-1 (Fig. 4) . The non-parallel change of plasma IGFBP-1 and hepatic IGFBP-1 gene expression after insulin infusion suggests that the hepatic mRNA expression is only one of the factors which contribute to plasma IGFBP-1 during insulin infusion. It seems that insulin may exert effects on IGFBP-1 secretion and/or degradation as well as on hepatic IGFBP-1 gene expression. In addition, although liver is believed to be a primary source of fetal circulating IGFBP-1 (Pannier et al. 1994) , changes in the production of IGFBP-1 in tissues other than liver may also contribute to the changes in fetal plasma IGFBP-1. It has been reported that IGFBP-1 mRNA is expressed in other fetal tissues, such as kidney (McLellan et al. 1992 , Pannier et al. 1994 . Finally, placental and/or maternal IGFBP-1 could contribute to IGFBP-1 in the fetal circulation.
Intravenous infusion of IGF-I into the ovine fetus at a dose of 10 nmol/kg per h resulted in a significant increase in fetal plasma IGF-I and IGFBP-1 (P<0·05) (Figs 1 and  4) . Northern analysis showed that IGF-I enhanced hepatic IGFBP-1 mRNA level significantly (Fig. 5) . This finding implies that the increased plasma IGFBP-1 level following IGF-I infusion may be, in part, due to enhanced IGFBP-1 expression level, and the regulatory effects of IGF-I on IGFBP-1 were partially mediated at the transcriptional level. The present findings are consistent with previous studies from our group, but the amino acid clamp was not performed in the previous studies (Lee et al. 1997) . The up-regulation of IGFBP-1 by IGF-I has also been demonstrated in vitro in human fetal fibroblasts (Hill et al. 1989a) , and this response mimics that found in adult humans (Zapf et al. 1990 , Russell-Jones et al. 1997 .
The mechanism by which IGFBP-1 levels were increased by the IGF-I infusion in vivo remains unclear. The decreased insulin level after IGF-I administration has been considered to be responsible for increased IGFBP-1 production. However, this explanation cannot account for the findings in the current study since insulin was kept constant during the IGF-I infusion (Table 1) . Actually, the insulin levels in the IGF-I group were slightly higher than, although not statistically different from, those in the control. Our findings indicate that IGF-I itself may have direct regulatory effects on IGFBP-1 as well as indirectly enhancing IGFBP-1 by inhibiting insulin secretion. The combination of IGF-I and insulin (the IGF-I plus insulin group) decreased hepatic IGFBP-1 gene expression level (P<0·05) (Fig. 6 ), but did not change the IGFBP-1 protein level significantly (Fig. 4) . This may imply that the IGF-I stimulation of IGFBP-1 gene expression is less potent than insulin suppression on IGFBP-1 gene expression.
The present study showed that, following intravenous infusions of insulin, the IGFBP-3 levels in plasma increased significantly in the ovine fetus (P<0·05) (Fig. 3) . However, IGFBP-3 gene expression was not significantly changed (data not shown). In this regard, our results are in contrast to those of Villafuerte et al. (1996) , who reported that hepatic IGFBP-3 expression was stimulated directly by provision of insulin in co-cultured liver cells of normal rats. However, they also found that accumulation of IGFBP-3 in conditioned medium was higher than changes in IGFBP-3 mRNA, suggesting post-translational modulation of IGFBP-3 of insulin (Villafuerte et al. 1996) . It is not known why insulin did not stimulate IGFBP-3 gene expression in our current study, but insulin dose could be one of the factors which determine its stimulation potency. The insulin in the circulation in the present study is only 1/600 of that of Villafuerte et al. (1996) .
It has also been well established that IGF-I inhibits insulin secretion in vitro (Guler et al. 1989a) and in vivo (Liechty et al. 1996) . As discussed above, insulin has the potential to stimulate IGFBP-3 production. To determine how IGF-I alone modulates IGFBP-3 production, we investigated the effects of IGF-I infusion on plasma IGFBP-3 after clamping insulin. Under this condition, IGF-I infusion led to a significant increase of plasma IGFBP-3 (P<0·05) (Fig. 5) . This response was similar to that in postnatal life. When insulin was kept constant by infusion of growth hormone, IGF-I infusion increased the circulating IGFBP-3 levels (Kupfer et al. 1993) . However, treatment with IGF-I alone led to a decrease in plasma IGFBP-3, probably due to decreased insulin levels, a potent enhancer of IGFBP-3, following IGF-I administration. The relative concentrations of insulin and IGF-I in plasma could be one of the reasons why the conflicting results were obtained among early studies regarding this issue. Responses of IGFBP-3 to IGF-I likely reflect a dynamic balance between stimulation by IGF-I, insulin and other hormones/metabolic factors.
IGF-I infusion did not alter hepatic IGFBP-3 expression in the present study. This apparent discrepancy between the gene expression and the circulating protein levels indicates that, like insulin, IGF-I may regulate plasma IGFBP-3 at the post-transcriptional level. Nevertheless, IGF-I and insulin may have different posttranslational mechanisms in regulating IGFBP-3. IGF-I might increase the stability of IGFBP-3 at the peptide levels in the circulation through the 150 kDa complex formation with the acid-labile subunit (Baxter & Martin 1989) .
Why IGF-I exhibits effects on IGFBP-1 and IGFBP-3, but not on IGFBP-2 and IGFBP-4, is still unknown. So far, six members of the IGFBP gene family have been identified and cognate cDNAs from a variety of species have been cloned. Although all the IGFBPs share approximately 50% homology, they are derived from separate genes and show different regulation and tissue-specific expression (Rechler 1993) . Of the IGFBPs that have been shown to be present in the circulation, IGFBP-3 appears to be responsible for the majority of the IGF-binding capacity present in the adult plasma (Baxter & Martin 1989) . Also, it has been shown that, due to formation of the 150 kDa IGFBP-3 complex, IGFs bound to IGFBP-3 have a longer half-life than those bound to other IGFBPs present in the circulation (Guler et al. 1989b) . The role of IGFBP-3 in prenatal life is less clear. Although circulating IGFBP-3 is lower in the fetus than that in adult, suggesting a minor role of IGFBP-3 in the fetus (D'Ercole 1991), there is a study demonstrating that IGFBP-3 mRNA abundance in the fetal liver is greater than that in maternal liver (Currie et al. 1996) . IGFBP-1 has a lower concentration in the serum, and the affinity for IGFs is lower than that of IGFBP-3. However, it is largely unsaturated and is widely regulated by a variety of hormones and nutrient supplies (Rechler 1993 , Lee et al. 1997 . This may, in part, explain why IGFBP-1 and IGFBP-3 exhibit more instantaneous changes than other IGFBPs during IGF-I and/or insulin infusion. There is less information about IGFBP-2 and IGFBP-4 and their functions in the fetus are not clearly understood. In the present study, we have confirmed that the majority of IGFBPs is IGFBP-2 in the ovine fetal circulation (Fig. 2) . While this suggests a specific role of IGFBP-2 in the fetus, the circulating IGFBP-2 shows no response to insulin and IGF-I infusion. In addition, the gene knockout experiments of IGFBP-2 had no major phenotypic effects (Pintar et al. 1994) .
In summary, using an amino acid/glucose/insulin clamp technique ensuring adequate metabolic substrate supply and constant insulin concentration, we have shown, for the first time, that intravenous infusion of IGF-I into the ovine fetus at a dose of 40 nmol/h increases IGFBP-1 and IGFBP-3 levels in the plasma, and the up-regulation of IGFBP-1 by IGF-I occurs, in part, at the gene expression level. After clamping glucose and amino acid concentrations, intravenous infusion of insulin increases plasma IGFBP-3 levels, but depresses IGFBP-1 gene expression in the ovine liver. The non-parallel changes in plasma IGFBPs protein and hepatic mRNA expression suggest multiple regulation mechanisms of IGFBP by the hormones. The responses of IGFBP-1 and IGFBP-3 to suddenly increased plasma IGF-I and insulin may serve to protect the fetus from exaggerated anabolic effects and to blunt the hypoglycemic potential of circulating IGFs and insulin.
